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Foreword - . —~
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If you’re reading this book, you’re probably already gnrolled in an introductory university course
in Mechanical Engineering. The primary goals of this textbook are, to provide you, the student,
with: d-l lio 8 “Iap) KW’C_J/J/
An understanding of what Mechanical Engineering is and to a lesfer extent what it is not e
Some useful tools that will stay with yousthroughout your engineering education and career 274 pa—

. . . . . [{¥ & € = . . . . .

3. A bnﬁﬁ but significant 1ntrodu’c:c}8n to some of the major Aopics of Mechanical Engineering

and"énough unders%dingc’g‘fl these topics so that Jou can relate them to each other

N —

3, A
4. A sense of common sense -~ )’5. 7
common sense g 7 urien G

< The challenge is to accomplish these objectives without overwhelming you so much that you won’t
U// Ve . s s "J,r,(}"— ,(J/',_.—*
W é Lo be ableto Ztain the most important concepts,, ~*7’¢~ "Il
In regards to item 2 above, 1 rememb&r nothing about some of my university courses, even in
cases where I still use the information I learned therein_ In others I remember “factoids” that I still
. . RN L = .
use. One goal of this textbook is to provide {ou with a set of useful factoids so that even if you
don’t remember any specific words or figurgs from this text; and don’t even remember where you
. ‘ - . Eve rrffi_} . . - -
learned these factoids, you still retain fhenfand apply them when appropriate. ~—w . e
In regards to item 3 above, in particplar the relationships between topics, this is one area where I
: o . 2~ . . .
o 2, feel engineering faculty (myself included) do not do a very good job. T_ggqangl gain, I find that
o students learn something in class A, and this information is used with difte ép:f ‘cegi‘r‘l_%’ngggy orina
. . . - ‘
i different context,in class B, but the students d(y;ft xf,ahze‘ they aLt,eagz_’ now the material and can P

- b / - A {3 _‘-“V /, " 2
| WCLCXPIOI% s r1’<‘i'1’2)/f\x716d§:§e. As the old saﬁjng’ g)’é?:, We get too Y5858761d and too late_smart, .. ot
- Everyone says to themselves several times during their education, {Dh... that’s so easy... why didn’t —
the book [or instructor] just say it that way. M1 hope this text will help you to get smarter sooner z-

and older later.‘?;;‘j(’: ki s ' ' pre | o ”«D’{é‘ df//é!;’f ~
A final and 1€ss#anible purpose of this text (item 4 above) is to try to instill you with a sense of
common sense. Over my 33 years of teaching at the university 2[6,1, I have found that students -
ha've become more technlcal'ly sk’ﬂief‘l z.md well-rounded but have 1&Ss ability to think and flgg% (@w%/ g,
things for themselves.ﬂ_ cLat“gﬂ_l_)ut,e this in large part'to the fact that when I was a teenager, cars were
’Cf'/ .~/ , relatively simple and my fhends and 1 spent hours working on them. When our cars weren’t broken,
7' \€a»_we would sabotage (nowadays “hack” might be a more descrip jye term) each other’s cars. The best
hacks were those that were difficult to diagnose, bu{"t?i;fia -to fix once you figured out what was
wrong. We learned a lot of common se oe‘workingkofz'a‘"'rs. Today, with electronic controls, cars
are very difficult to work on or hack. Even with regards to electronics, today the usual solution to a
: broken device is to throy% it away and buy a newer device, since the old one is probably nearly
E‘L" W &)1.. obsolete by the time it B7¢aR4.” Of course, common sense per ge is probably not teachable, but @ sense
: of common sense, that is, to know when it is needed arid Fow o apply it, might be teachable. If I may
be allowed an immedest moment in this textbook, I would like to give an angedote about my son
Peter. When K4 not quité 3 years old, like most kids his age had a pair 6F shoes with lights
(actually light-emitting diodes or LEDs) that ﬂaush)as you walk. These shoes work for a few months
until the hee] switch fails (usually in the closeg%sition) so that the LEDs stay on continuously for a
day or %G until the battery goes dead. One morning he noticed that the LEDs in one of his shoes
were on continuously. He had a puzzled logk on his face Buf said nothing. Instead, he went to look
for his otherﬂs_}‘l’o”c:’ and after romouﬁd a bit, found it. He then pi&e it up, hit it against

7

v



something and the LEDs flashed as they were supposed to. He then said, holding up the good shoe,
“this shoe - fixed... [then pointing at the other shoe] that shoe - broken!” T immediately thought, “I
wish all my students had that much common sense...” In my personal experience, about half of
engineering is common sense as opposed to specific, technical knowledge that needs to be learned
from coursework. Thus, to the extent that common sense can be taught, a final goal of this text is
to try to, ,irzlﬁgll_this sense of when common sense is needed and even more in}portgndy how to
integrate 1t with technical knowledge. The most employable and promotable engineering graduates
are the most flexible ones, i.e. those that take tlﬁ'a'a?tu'dg “I think I C?;fl Bhdle that” rather than “I
, e . 5y . .
can’t handle t?w'ﬁ'icigﬁ‘ce no one taught me that specific knowledge. Stufénts Will find at some point
in their career, and probably in their very first job, that 5714(1/5 and @qgj’i‘fbaﬂge rfe_z—?-f;ﬁ.‘]/l due to testing
__{failures, new demands from the customer, other engineers feaving the company, etc. ~
In most engineering programs, sefentiorof incoming first-year students is an important issue; at
many universities, less than half of Lﬁi{’t—year engineering students finish an engineering degree. Of
course, not every incoming student who chooses engineering as his/her major should stay in
engineering, nor should every student who laglj_% confidence in the subject drop out, but in all cases
it is important that incoming students receive a good enough introduction to the subject that they
make an informed, intelligent choice about whether he/she should continue in engineering. ~ ey,
Along the lines o%ggﬁng_‘ﬁrst—year students in engineering, I would like to give an anecdote. — ~&~
At Princeton University;in one of my first years of teaching, a student in my thermodynamig§)class
came to my office, almost in tears, after the first midterm. She did fairly poorly on the exam, and
she asked me iﬁ}thought she belonged in Engineering. (At Princeton thermodynamics was one of
the first engineering courses thatStudents took). What W:;S‘.}E?Et;i_CUI?l{lY d_ii%gs_gipfg to her was that
her (egld())pw students had a2 much easier time learning the Zterial fhan she did.-She came from a
family of artists, musicians and dancers and got little SUppogE or encouragement from home for her
engineering studies. While she had some of the artistic side in her blo &JS'He)said that her real love
was engineering, but She_w,Qgng,ggs ita Jg}twcauge for her? 1 to‘l'agher that I didn’t really know
whether she should be“n engineer, but I woulddo my best to make sure that she had a good
enough experience in engineering that she could make an informgd choice from a comfortable
position, rather than a decision made under the cloud of fé‘aj_ ‘of failue. With only a little ) '
encouragement from me, she did better and better on eac '_sllﬁlgs:iﬁ]l/lglt exam and wound up d/—ff\pﬂ—ﬂz—_ﬂ
receiving a very res&agcjta?le grade in the class. She went on to gradnate from Princeton with honors 4+
and earn a Ph.D. in érféineering from a major Midwestern univergit‘g{ I still consider her one of my
oSt im/f)ort"a/l{?successes in teaching. Thus, a goal of this text is (along with the instructor, teaching
assistants, fellow students, andﬁ%&g&ffe} is to provide a positive first experience in engineering.
There are also many topics that should be (and“i’ﬁ/ s6me instructors’ views, z4st be) covered in an
introductory engineering textbook but are not covered here because the overriding desire [ keep

the book’s material manageable within the hmj}; of a one-semester course: —Em AT R
—m S Ry e o< 57 . -
. - ‘/&/,/B.SC. RBochchr of Scence YesSpect  [Lofle
1. History of engineering  n “ D
. Philosophy of engineeringﬂ"){ isd M.5¢c. MBIy = o €n et ,QJ’_"/V“U-E
3. Engineering ethics 4 . €wc 7
i/,\,& Supl A PhD P""Nfa5"/)‘"7 o Dpcgamﬁtcept &z—-—fc/:_f
Finally, I offer a few suggestions for faculty using this book: Pt A
NS )% e 2
Ve iYW
1. Projects. 1 kﬂgﬂ’ small, hands-on design projects for the students, examples of which are s
given in Ap@grlj(jfi,x A.
2. Demon;frzzj%s. Include simple demonstrations of engineering systems — thermoelectrics,
piston-typeinternal combustion engines, gas turbine engines, transmissions, ...
Term 7

Seme §¢ -e,f/l.ff/_:}()L-:"



Computer graphics. At USC, the introductory Mechanical Engineering course is taught in
conjunction with a computer graphics laboratory where an industry-standard software
package is used.
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abobeaviacion

Nomenclature [y
Symbol | Meaning SI units and/or value
A Area m’
BTU British Thermal Unit 1 BTU =1055]
Cp Drag coefficient -—-
C. Lift coefficient ---
Cp Specific heat at constant pressure J/kegK
Cv Specific heat at constant volume J/kgK
c Sound speed m/s
COP Coefficient Of Performance -—-
d Diameter m (meters)
E Energy J (Joules)
E Elastic modulus N/m?
e Internal energy per unit mass J/kg
F Force N (Newtons)
f Friction factor (for pipe flow) ---
g Acceleration of gravity m/s” (earth gravity = 9.81)
o USCS units conversion factor 32.174 Ibm ft/ Ibf sec® = 1
h Convective heat transfer coefficient W/m*K
I Area moment of inertia m*
I Electric current amps
k Boltzmann’s constant 1.380622 x 10* J/K
k Thermal conductivity W/mK
L Length m
M Molecular Mass kg/mole
M Moment of force N m (Newtons X meters)
M Mach number —
m Mass kg
m Mass flow rate kg/s
n Number of moles -—-
Na Avogadro’s number (6.0221415 x 107) | —--
P Pressure N/m?
P Point-load force N
Q Heat transfer ]
q Heat transfer rate W (Watts)
R Universal gas constant 8.314 J/mole K
R Mass-based gas constant = R/M J/kg K
R Electrical resistance ohms
Re Reynolds number ---
r Radius m
S Entropy J/K
T Temperature K
T Tension (in a rope or cable) N

CLlle oy




t Time s (seconds)
U Internal energy ]

u Internal energy per unit mass J/kg

Vv Volume m’

\ Voltage Volts

v Shear force N

v Velocity m/s

W Weight N (Newtons)
W Work ]

W Loading (e.g. on a beam) N/m

Z Thermoelectric figure of merit 1/K

z elevation m

o Thermal diffusivity m®/s

Y Gas specific heat ratio -

n Efficiency -

€ Strain -

€ Roughness factor (for pipe flow) ---

1 Coefficient of friction -

i Dynamic viscosity kg/m's

0 Angle ---

\% Kinematic viscosity = u/p m®/s

v Poisson’s ratio -—-

p Density kg/m’

p Electrical resistivity ohm m

o Normal stress N/m?

o Stefan-Boltzmann constant 5.67 x 10®* W/m?*K*
o Standard deviation [Same units as sample set]
T Shear stress N/m?

T Thickness (e.g. of a pipe wall) m

viil




Units conversions

e

Base units
Type SI unit USCS unit Other conversions
Length meter (m) 3.281 foot (ft) = 1 m 1 m = 100 centimeters (cm)
= 1000 millimeters (mm)
= 39.37 inches (in)
1 kilometer (km) = 1000 m
1 mile (mi) = 5280 ft
Mass kilogram (kg) | 2.205 pounds mass (Ibm) | 1000 grams (g) = 1 kg
=1kg 1 slug = 32.174 Ibm
Time second (s) s 1 minute (min) = 60 s
1 hour (hr) = 60 min
Charge coulomb coul 1 coul = charge on 6.241506 x
(coul) 10" electrons
Derived units
Type SI unit USCS unit Other conversions
Area (length?) m’ 10.76 f£ = 1 m? 1 acre = 43,560 ft*
640 acres = 1 mi’
1 hectare = 10,000 m* = 2.471
acre
Volume (length’) m’ 3532 f¢=1m’ 1 ft’ = 7.48 gallons (gal)
= 28,317 cm’ (ml, cc)
1 m’=264.2 gal
1 liter = 0.001 m’
=1000 cm’
= 61.02 in’
Velocity m/s 3.281 ft/s =1m/s 60 mi/hr = 88 ft/s
(length/time)
Acceleration m/s’ 3.281 ft/s* = 1 m/s’ 1 g (standard earth gravity)
(length/time?) =9.806 m/s* = 32.174 ft/s’
Force = 1 Newton (N) | 1 pound force (Ibf) ldyne=1gecm/s*=10°N
mass x length =1kgm/s’ = 4448 N
time’
Energy = 1 Joule (J) = 1] =0.7376 (tt Ibf) 1 British Thermal Unit (BTU)
mass x length’ 1 kg m*/s* = | (foot-pound) =1055] = 778 ft Ibf
T time? 1 Nm 1 calorie (cal) = 4.184 ]
1 diet calorie = 1000 cal
lerg=1gcm’/s°=10"]
Power = 1 Watt (W) = | 1 horsepower (hp) 1 hp = 550 ft Ibf/s
mass x length’ Lkgm’/s’ = =746 W
T ime 1 Nm/s
Pressure = 1 Pascal (Pa) | 11bf/in> = 6899 Pa 1 standard atmosphere (atm)
force/length? =1N/m? = 101325 Pa
=1kg/ms’ = 14.696 Ibf/in?
1 bar = 10’ Pa

X




Type SI unit USCS unit Other conversions
Temperature Kelvin (K) 1.8 Rankine (R) =1 K See notes below
Heat capacity = 1] /kg K 1 BTU/Ibm°F (Note: that’s not a misprint, the
Energy =1]J/kg’C =1 BTU/IbmR conversion  factor  between
mass x temperature =1cal/g’C BTU/Ibm°F and «cal/g’C is
exactly 1)

Current = 1 Ampere n/a 1 milliamp (mA) = 0.001 A
charge/time (A or amp)

=1 coul/s
Voltage = 1 Volt (V) n/a n/a
energy/charge =1]/coul
Capacitance = 1 Farad (f) n/a 1 microfarad (uf) = 10° f
coul/Volt =1 coul/Volt 1 picofarad (pf) = 10" f

=1 coul’/]
Inductance = 1 Henry (H) n/a 1 millihenry (mH) = 0.001 H
Volt / (amp/s) =1]s*/coul’
Resistance = 1 Ohm (QQ) n/a n/a
Volt/amp =1 Volt/amp

=1]s/coul’

Temperature conversion formulae:

Kelvins (K, not ‘K) is the absolute temperature scale in SI units.
Rankines (R, not “R) is the absolute temperature scale in USCS units.
T (in units of °F) =T (in units of R) - 459.67

T (in units of °C) =T (in units of K) - 273.15

T (in units of “C) = [T (in units of ‘F) — 32]/1.8

T (in units of °F) = 1.8[T (in units of "C)] + 32

1 K of temperature change = 1°C of temperature change
= 1.8°F of temperature change = 1.8 R of temperature change

Revolution conversion formulae:
1 revolution = 2x radians = 360 degrees

Ideal gas law - note that there are many “flavors” of the ideal gas law:
PV=nRT
PV=mRT
Pv=RT

P = pRT — most useful form for engineering purposes; more useful to work with mass than

moles, because moles are not conserved in chemical reactions!

P = pressure (N/m?); V = volume (m’); n = number of moles of gas

R = universal gas constant (8.314 J/moleK); T = temperature (K)

m = mass of gas (kg); R = mass-specific gas constant = R/M

M = gas molecular mass (kg/mole); v = V/m = specific volume (m’/kg)
p = 1/v = density (kg/m’)
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Chapter 1. What is Mechanical Engineering?

“The journey of a thousand miles begins with a single step.”
- Lao Tzu

L-~:"/:/Definition of Mechanical Engineering

My personal definition of Mechanical Engineering is
@,;, W g_,_/ (,_\_,/f ﬂb&
If it needs engineering but it doesn’t involve electrons, chemical reactions, arrangement of mo/em/es, life forms, isn’t
a ﬂ‘mn‘me (building/ bridge/ dam) and doesn’t fly, a mechanical engineer will ?aég care of ..
C/"' A
if it does involve electrons, chemical reactions, arrangement of molecules, life forms, is a structure or does fly,

mechanical engineers may handle it anyway
o

-

bt

Although every engineering faculty member in every engineering department will claim that
his/her field is the broadest engineerin cjlsi’%@me in the case of Mechanical Engineering that’s
actually true (I clalm)u%eg{se the cofe material perrne;tes all engineering systems (fluid mechanics,
solid mechanics, heat transfer, control systems, ;‘rc)

Mechanical engineering is one of the oldest engineering fields (though perhaps Civil Engineering
is even older) but in the past 20 years has undergone a rather rem _/_grkqble transformatlon as a result
of a number of new technological develoggllejlts 1n((:)111d1ng Underq & S L/ St

/:/ L/é j 8- Computer Aided Design (CAD). The average non-technical person prpbably thinks that
mechanical engineers sit in front of a drafting table drawing blue %ﬁgs for devices having uts;™ “—=*
~ «bolts, shz}}s gears, bearings, levers, etc. While that | image was somewhat true 100 years ago,

today the drafting board has long since been replaced by CAD software, which enables a part to

, be constructed and tested Vlrctruglly before any physmal object is manufactured.

xL/r,,J/ Simulation. CAD allows not only sizing and checking for fit and interferences, but the
resulting virtual parts are tested structurally, thermally, electrically, aerodynamically, etc. and
modified as necessary bef/ stose E&@mﬁlﬁlg to manufacturing.

. Senwr and actugtors. Nowadays éven common consumer products such as automobiles have
dozens of sensors to measure temperatures, pressures, flow rates, lingar and rotatlonal speeds,
etc. These sensors afe used not only to monitor the health Tand performance of f'the device, but
also as inputs to a microcontroller. The microcontrollér in turn commands actuators that adjust
ﬂowb’;ates/(e g of fu fuel into an engine), timings (e.g. of spark ignition), positions (e.g. of valves), etc.

e 3D printing. Traditional ° subtra%tlyg/rﬁanufacturmg consisted of starting with a block or
casting of material and removing material b{y %jﬂﬁlg mlumg grlgdL%g, etc. The shapes that can
be created in this way are limited compared to modéri “additive, ,manufacturing” or “3D
printing” in which a structure is built in layers. Just as CAD + simufation has led to a new way
of designing systems, 3D printing has led to a new way of creating prototypes and in limited
cases, full-scale production. V= e

. Collaboragon with other fields. Historically, a nuts-and-bolts device such as an automobile
was demgned almost exclusively by mechanical engineers. Modern Y3h1cles have yast clectrical
and electronic systems, satety systems (e.g. air bags, seat restramt@,, specialized batteries (in the

case of hybrids or electric vehicles), etc., Wthh requlre demgn contrlbugpns from electrical,
e .



biomechanical and chemical engineers, respectively. It is essential that a modern mechanical
engineer be able to understand and accommodate the requirements imposed on the system by
> )
non-mechanical consideFaions. O s
Ay

-

These radical changes in what mechanical engineers do com’i;&ré‘d to a relatively short time ago
makes the field both challenging and exciting.
e =
Mechanical Engineering curticulum
U(/Jr—' Lr

In almost any accredited Mechanical Engineering program, the followmg courses are required:
L-f’.)" 7 ~ L ~da s s 2 e

. ;,_,C»Lo Basic sciences - math, chemistry, physics

- Breadth or disttibution.(called “General Educatlon at USC)
_/1_}/ AT »H._,a

o Computer graphms a%d computer aided des1gn (CAD)
e Experimental engineering & instrumentation
e Mechanical design - nuts, bolts, gears, welds

e Computational methods - converting continuous mathematical equations into dlsg;ete

=S /L"»
equations solved by a computer ==

e Core “engineering science”

Dynamics — essentially F = ma applied to many types of systems
Strength and properties of materials

Fluid mechanics

Thermodynamics

Heat transfer

Control systems

O O O O O O

e Senior “capstone” design project
iy | =T dw S e

Additionally you may participate in non-credit “enrichment” activities such as undergraduate
research, undergraduate student paper competitions in ASME (American Society of Mechanical
Engineers, the primary professional society for mechanical engineers), the Formula SAE racecar

project, etc.

Figure 1. SAE Formula racecar project at USC (photo: http://www.uscformulasae.com)



Examples of industries employing MEs

Many industries employ mechanical engineers; a few industries and the type of systems MEs
design are listed below.
o Autométive _
e Combustion v’%/
* Engines, transmissions | -y
e Suspensions 7
o Aerospace (w/ aerospace engineers)
e Control systems
e Heat transfer in turbines
e  Fluid mechanics (internal & external)
o Biomedical (w/ phys_ig@gz}s)

e Biomechanics — prosthesis .~/ movy o e
e Flow and transport in vivo Cn vievs a’“’ﬁ; '-f
o Computers (w/ computer engineers) ey
e Heat transfer
e Packaging of components & systems
o Construction (w/ civil engineers) S o
e Heating, ypntllatlon air conditioning (HVAC) &/J“’./'/ e (f/j -

e Stress analysis (—f’/d"‘{ =
o Electrical power generation (w/ electrical engineers)

e Steam power cycles - heat and work
° Mechanlcal des1gn “of turbines, generators, .
o Petrochemicals (w/ chemical, petroleum englneers)
e Oil drilling - stress, fluid flow, structures
e Design of refineries - plpmg, pressure vessels
o Robotics (w/ electrical engmeers) S
e Mechanical design of actuzjﬁ)%f, sensors

e Stress analysis -



